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ABSTRACT 

Typically the emission of vacuum ultraviolet light from hydrogen gas is achieved using 
discharges at high voltage, synchrotron devices, high power inductively coupled plasma 
generators, or a plasma is created and heated to extreme temperatures by RF coupling (e.g. 
> 10 6 K ) with confinement provided by a toroidal magnetic field. Observation of intense 
extreme ultraviolet (EUV) emission at low temperatures (e.g. - 10 3 K) from atomic hydrogen 
generated at a tungsten filament that heated a titanium dissociator and certain gaseous atoms or 
ions vaporized by filament heating has been reported previously [R. Mills, J. Dong, Y. Lu, 
"Observation of Extreme Ultraviolet Hydrogen Emission from Incandescently Heated Hydrogen 
Gas with Certain Catalysts", Int. J. Hydrogen Energy, Vol. 25, (2000), pp. 919-943]. Each of 
the ionization of potassium, cesium, strontium, and Rb* and an electron transfer between two 
K* ions (K* IK*) provide a reaction with a net enthalpy of an integer multiple of the potential 
energy of atomic hydrogen. The presence of each of the corresponding reactants formed the low 
applied temperature, extremely low voltage plasma called a resonance transfer or rt-plasma 
having strong EUV emission. Similarly, the ionization energy of Ar* is 27.63 eV, and the 
emission intensity of the plasma generated by atomic strontium increased significantly with the 
introduction of argon gas only when Ar* emission was observed [R. Mills, "Spectroscopic 
Identification of a Novel Catalytic Reaction of Atomic Hydrogen and the Hydride Ion 
Product", Int. J. Hydrogen Energy, Vol. 26, No. 10, (2001), pp. 1041-1058.). In contrast, the 
chemically similar atoms, sodium, magnesium and barium, do not ionize at integer multiples of 
the potential energy of atomic hydrogen did not form a plasma and caused no emission. For 
further characterization, we recorded the width of the 656.2 nm Baimer a line on light emitted 
from rt-plasmas. Significant line broadening of 17, 9, 1 1, 14, and 24 e V was observed from a 
rt-plasma of hydrogen with K* I K\ Rb\ cesium, strontium, and strontium with Ar\ 
respectively. These results could not be explained by Stark or thermal broadening or electric 
field acceleration of charged species since the measured field of the incandescent heater was 
extremely weak, 1 V/cm, corresponding to a broadening of much less than 1 eV. Rather the 
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source of the excessive line broadening is consistent with that of the observed EUV emission an 
energetic reaction caused by a resonance energy transfer between hydrogen atoms and K* I K* 
Rb> . cesium, strontium, or Ar* . Since line broadening is a measure of temperature, the excess 
power was measured calorimetrically on rt-plasmas formed by K* I K* and Ar* as catalysts 
The product hydride ion with each of K+ 1 K\ Rb* , Cs, and Ar* as the catalyst was predicted 
to have a binding energy of 3.05 eV and was observed by high resolution visible spectroscopy at 



407 nm. 



I. INTRODUCTION 

Glow discharge devices have been developed over decades as light 
sources, ionization sources for mass spectroscopy, excitation sources for 
optical spectroscopy, and sources of ions for surface etching and 
chemistry [1-3]. A Grimm-type glow discharge is a well established 
excitation source for the analysis of conducting solid samples by optical 
emission spectroscopy [4-6]. Despite extensive performance 
characterizations, data was lacking on the plasma parameters of these 
devices. M. Kuraica and N. Konjevic [7] and Videnocic et al. [8] have 
characterized these plasma by determining the excited hydrogen atom 
concentrations and energies by measuring line broadening of the 656.2 
nm Balmer or line. The data was analyzed in terms of Stark and Doppler 
effects wherein acceleration of charges such as H\ H\, and h; in the high 
fields (e. g. over 10 kVlcm) which were present in the cathode fall region 
was used to explain the Doppler component. 

More recently, microhollow glow discharges have been 
spectroscopically studied as candidates for the development of an intense 
monochromatic EUV light source (e.g. Lyman a ) for short wavelength 
lithograph for production of the next generation of integrated circuits. A 
neon-hydrogen microhollow cathode glow discharge has been proposed 
as a source of predominantly Lyman o radiation. Kurunczi, Shah, and 
Becker [9] observed intense emission of Lyman a and Lyman /J radiation 
at 121.6 nm and 102.5 nm, respectively, from microhollow cathode 
discharges in high-pressure Ne (740 Torr) with the addition of a small 
amount of hydrogen (up to 3 Torr). With essentially no molecular 
emission observed, Kurunczi et al. attributed the anomalous Lyman a 
emission to the near-resonant energy transfer between the Nej excimer 
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and H 2 which leads to formation of H(n = 2) atoms, and attributed the 
Lyman p emission to the near-resonant energy transfer between excited 
Ne' atoms (or vibrationally excited neon excimer molecules) and H 2 
which leads to formation of //(n = 3) atoms. Despite the emission 
characterization of this source, data is lacking about plasma parameters. 

For analyses of solids, direct current (dc) glow discharge sources 
have been successfully complemented by radio-frequency (rf) discharges 
[10]. The use of dc discharges is limited to metals; whereas, rf discharges 
are applicable to non-conducting materials. Other developed sources that 
provide a usefully intense plasma are synchrotron devices, inductively 
coupled plasma generators [11 J, and magnetically confined plasmas. 
Plasma characterization data on these sources is also limited. 

A new plasma source has been developed that operates by 
incandescently heating a hydrogen dissociator to provide atomic 
hydrogen and heats a catalyst such that it becomes gaseous and reacts 
with the atomic hydrogen to produce a plasma [12-45]. It was 
extraordinary, that intense EUV emission was observed by Mills et al. 
[21-25, 31-32, 34-35] at low temperatures (e.g. =10 3 /O from atomic 
hydrogen and certain atomized elements or certain gaseous ions which 
singly or multiply ionize at integer multiples of the potential energy of 
atomic hydrogen, 27.2 eV that comprise catalysts. The only pure elements 
that were observed to emit EUV were those wherein the ionization of t 
electrons from an atom to a continuum energy level is such that the sum 
of the ionization energies of the t electrons is approximately m 272 eV 
where t and m are each an integer. 

Since Ar\ He\ and strontium each ionize at an integer multiple of 
the potential energy of atomic hydrogen, a discharge with one or more of 
these species present with hydrogen is anticipated to form a plasma 
called a resonance transfer (rt) plasma. The plasma forms by a resonance 
transfer mechanism involving the species providing a net enthalpy of a 
multiple of 27.2 eV and atomic hydrogen. 

Mills and Nansteel [24-25, 31] have reported that strontium atoms 
each ionize at an integer multiple of the potential energy of atomic 
hydrogen and caused emission. (The enthalpy of ionization of Sr to Sr 5+ 
has a net enthalpy of reaction of 188.2 eV, which is equivalent to m = 7.) 
The emission intensity of the plasma generated by atomic strontium 
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increased significantly with the introduction of argon gas only when Ar* 
emission was observed. Whereas, no emission was observed when 
chemically similar atoms that do not ionize at integer multiples of the 
potential energy of atomic hydrogen (sodium, magnesium, or barium) 
replaced strontium with hydrogen, hydrogen-argon mixtures, or 
strontium alone. 

Mills and Nanstell [24-25, 31] measured the power balance of a gas 
cell having vaporized strontium and atomized hydrogen from pure 
hydrogen or argon-hydrogen mixture (77/23%) by integrating the total 
light output corrected for spectrometer system response and energy over 
the visible range. Hydrogen control cell experiments were identical 
except that sodium, magnesium, or barium replaced strontium. In the 
case of hydrogen-sodium, hydrogen-magnesium, and hydrogen-barium 
mixtures, 4000, 7000, and 6500 times the power of the hydrogen- 
strontium mixture was required, respectively, in order to achieve that 
same optically measured light output power. With the addition of argon 
to the hydrogen-strontium plasma, the power required to achieve that 
same optically measured light output power was reduced by a factor of 
about two. The power required to maintain a plasma of equivalent 
optical brightness with strontium atoms present was 8600 and 6300 
times less than that required for argon-hydrogen and argon control, 
respectively. A plasma formed at a cell voltage of about 250 V for 
hydrogen alone and sodium-hydrogen mixtures, 140-150 V for 
hydrogen-magnesium and hydrogen-barium mixtures, 224 V for an 
argon-hydrogen mixture, and 190 V for argon alone; whereas, a plasma 
formed for hydrogen-strontium mixtures and argon-hydrogen-strontium 
mixtures at extremely low voltages of about 2 V and 6.6 V, respectively. 

It was reported [23] that characteristic emission was observed from 
a continuum state of Ar 2 * which confirmed the resonant nonradiative 
energy transfer of 27.2 eV from atomic hydrogen Ar\ The transfer of 
27.2 eV from atomic hydrogen to Ar + in the presence of a electric weak 
field resulted in its excitation to a continuum state. Then, the energy for 
the transition from essentially the Ar 2+ state to the lowest state of Ar+ 
was predicted to give a broad continuum radiation in the region of 
45.6 nm. This broad continuum emission was observed. This emission was 
dramatically different from that given by an argon microwave plasma 
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wherein the entire Rydberg series of lines of Ar* was observed with a 
discontinuity of the series at the limit of the ionization energy of Ar* to 
Ar 2 * . The observed Ar* continuum in the region of 45.6 nm confirmed the 
rt-plasma mechanism of the excessively bright, extraordinarily low 
voltage discharge. The product hydride ion with Ar* as a reactant was 
predicted to have a binding energy of 3.05 eV and was observed 
spectroscopically at 407 nm [23]. 

He* ionizes at 54.417 eV which is 2-21.2 eV, and novel EUV emission 
lines were observed from microwave and glow discharges of helium with 
2% hydrogen [18-19, 27]. The observed energies were q 13.6 eV 
(9=1,2,3,4,6,7,8,9, or 11) or these energies less 21.2 eV due to inelastic 
scattering of the lines by helium atoms in the excitation of He (Is 1 ) to 
He(\s l 2p x ). These lines can be explained by the resonance transfer of 
m-27.2eV. 

The plasma parameters of rt-plasmas were previously studied by 
EUV spectroscopy [18-25, 31-35], characteristic emission from catalysis 
and the hydride ion products [21-23], lower-energy hydrogen emission 
[16, 18-20], plasma formation [21-25, 31-32, 34-35], Balmer a line 
broadening [19, 28-29], elevated electron temperature [19, 28], 
anomalous plasma afterglow duration [34-35], power generation [24-31, 
42], and analysis of chemical compounds [36-42]. To further characterize 
these plasmas, the width of the 656.2 nm Balmer a line was recorded on 
light emitted from rt-plasmas formed from hydrogen with K*IK*, Rb* , 
Cs, Sr, or Ar*. Since line broadening is a measure of temperature, the 
power balance of rt-plasmas formed with K*IK* and Sr-Ar* catalysts 
were measured calorimetrically. The product hydride ion with each of 
K*/K*, Rb*, Cs, and Ar* as the catalyst was predicted to have a binding 
energy of 3.05 eV corresponding to emission at 407 nm. Thus, the high 
resolution visible spectra covering the region of 407 nm was recorded. 

II. EXPERIMENTAL 

A. Balmer line broadening and high resolution visible 
spectroscopy recorded on rt-plasmas 

The width of the 656.2 nm Balmer a line was recorded on light 
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emitted from a hydrogen glow discharge performed according to methods 
reported previously [29] that served as a control for measurements 
recorded on light emitted from rt-plasmas of hydrogen with K 2 CO^ KNO v 
RbNO^ Cs 2 CO Jy strontium or strontium with an argon-hydrogen mixture 
(97/3%). The experimental set up shown in Figure 1 comprised a quartz 
cell which was 500 mm in length and 50 mm in diameter. The entire 
quartz cell was enclosed in an Alumina insulation package. Several K- 
type thermocouples were located in the insulation. The thermocouples 
were monitored with a multichannel computer data acquisition system. 
A Pyrex cap sealed to the quartz cell with a Viton O ring and a C-clamp 
incorporated ports for gas inlet, outlet, and photon detection. A tungsten 
filament (0.508 mm in diameter and 800 cm in length, total resistance 
-2.5 ohm) heater and hydrogen dissociator were in the quartz tube as 
well as a cylindrical titanium screen (300 mm long and 40 mm in 
diameter) that served as a second hydrogen dissociator in the case of 
experiments with carbonates and nitrates. The filament was coiled on a 
grooved ceramic tube support to maintain its shape when heated. The 
return lead passed through the inside of the ceramic tube. The inorganic 
test materials were coated on a titanium screen dissociator by the 
method of wet impregnation. The screen was coated by dipping it in a 
0.6 M * 2 OyiO% H 2 0 2f 0.6 M KNOJl0% H 2 0 29 0.6 M RbNOJ\G% H 2 0 2 > 0.6 
M Cs 2 COJlQ% H 2 0 29 or 0.6 M SrCO y l\0% H 2 0 2 , and the crystalline material 
was dried on the surface by heating for 12 hours in a drying oven at 130 
°C. A new dissociator was used for each experiment. The titanium screen 
was electrically floated with power applied to the filament. In a repeat 
of the rt-plasma formed with strontium, the titanium screen was 
removed, and about 1 g of strontium metal (Alfa Aesar 99.95%) was 
placed in the center of the cell under one atmosphere of dry argon in a 
glovebox. The cell was sealed, removed from the glovebox, and 
connected to an EUV spectrometer. Strontium was vaporized by the 
filament heater. In each test, power was applied to the filament by a DC 
power supply which was controlled by a constant power controller. The 
power applied to the filament was 300 W. The voltage across the 
filament was about 55 V and the current was about 5.5 A at 300 W. The 
temperature of the tungsten filament was estimated to be in the range 
1100 to 1500 °C. The external cell wall temperature was about 700 °C. 
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The cell was operated under gas flow conditions while maintaining 
a constant gas pressure in the cell. Each gas was ultrahigh purity. The 
gas pressure inside the cell was maintained at about 300 mtorr with a 
hydrogen flow rate of 5.5 seem or an argon flow rate of 5.2 seem and a 
hydrogen flow rate of 0.3 seem. Each gas flow was controlled by a 0-20 
seem range mass flow controller (MKS 1 179A21CS1BB) with a readout 
(MKS type 246). The cell pressure was monitored by a 0-10 torr MKS 
Baratron absolute pressure gauge. 

The light emission was introduced to an EUV spectrometer for 
spectral measurement. The spectrometer was a McPherson 0.2 meter 
monochromator (Model 302 t Seya-Namioka type) equipped with a 1200 
lines/mm . holographic grating with a platinum coating. The wavelength 
region covered by the monochromator was 30 - 560 nm. A channel 
electron multiplier (CEM) was used to detect the EUV light. The 
wavelength resolution was about I nm (FWHM) with an entrance and exit 
slit width of 300 /im. The vacuum inside the monochromator was 
maintained below 5X10" 4 Torr by a turbo pump. The Lyman a emission 
was recorded as a function of time after the filament was turned on. In 
each case, the EUV spectrum (40- 160 nm) of the rt-plasma cell emission 
was recorded at about the point of the maximum Lyman a emission to 
confirm the rt-plasma before the line broadening and high resolution 
visible spectrum in the region of 407 nm were recorded. 

The plasma emission from the hydrogen glow discharge and each, 
rt-plasma maintained in the filament heated cell was fiber-optically 
coupled through a 220F matching fiber adapter positioned 2 cm from the 
sapphire window or cell wall, respectively, to a high resolution visible 
spectrometer with a resolution of ±0.006 nm over the spectral range 
1 90 - 860 nm. The spectrometer was a Jobin Yvon Horiba 1250 M with 2400 
groves/mm ion-etched holographic diffraction grating. The entrance and 
exit slits were set to 20 /im. The spectrometer was scanned between 
655.5- 657 nm using a 0.01 nm step size. The signal was recorded by a PMT 
with a stand alone high voltage power supply (950 V) and an acquisition 
controller. The data was obtained in a single accumulation with a 1 
second integration time. 

In addition, the high resolution visible spectrum of each rt-plasma 
was recorded over the range 400 - 410 nm using the same methods as those 
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of the line broadening measurements. The emission from a control 
hydrogen microwave discharge plasma maintained by the methods given 
previously [18] was also recorded. 

B. Calvet calorimeter methods for the power balance 
measurement of a rt-plasma formed with K7K* 

The power balance of a rt-plasma formed with K*/K* was 
measured calorimetrically using Calvet calorimeter as shown in Figure 2. 
The instrument used to measure the heat of reaction comprises a 
cylindrical heat flux calorimeter (International Thermal Instrument Co., 
Model CA-100-1). The cylindrical calorimeter walls contain a thermopile 
structure composed of two sets of thermoelectric junctions. One set of 
junctions is in thermal contact with the internal calorimeter wall, at 
temperature 7 ( , and the second set of thermal junctions is in thermal 
contact with the external calorimeter wall at T e which is held constant by 
a forced convection oven. When heat is generated in the calorimeter cell, 
the calorimeter radially transfers a constant fraction of this heat into the 
surrounding heat sink. As heat flows a temperature gradient, (7; -7;), is 

established between the two sets of thermopile junctions. This 
temperature gradient generates a voltage which is compared to the linear 
voltage versus power calibration curve to give the power of the reaction. 
The calorimeter was calibrated with a filament that served as a joule 
heater and a fixed power source at power levels representative of the 
power of reaction of the catalyst runs. The calibration constant of the 
Calvet calorimeter is not sensitive to the flow of hydrogen over the range 
of conditions of the tests. A chemically resistant cylindrical reactor, 
machined from 304 stainless steel to fit inside the calorimeter, was used 
to contain the reaction. To maintain an isothermal reaction system and 
improve baseline stability, the calorimeter was placed inside a 
commercial forced convection oven (Precision Scientific 625 S) capable of 
operating from room temperature to 616 K. Also, the calorimeter and 
reactor were enclosed within a cubic insulated box filled with 
aluminasilicate insulation to further dampen thermal oscillations in the 
oven. A more complete description of the instrument and methods are 
given by Bradford, Phillips, and Klanchar [46]. 
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C. Gas Cell for Calvet Calorimeter 

Since KNO^ is volatile at a temperature much less than that at which 
it decomposes [47], it was used as the source of K* I K* catalyst at a 
temperature at which it was volatile. The cylindrical stainless steel 
filament cell and Calvet instrument for power balance studies with 
hydrogen and gaseous KNO^ compared to gaseous KNO z alone is shown in 

Figure 2. The cell schematic is shown in Figure 3. The cell comprised a 
20 cc stainless steel vessel. The cell was maintained at a constant 
isothermal temperature of 250 °C by the forced convection oven. The cell 
was used in the vertical position and was inserted into a thermopile. The 
flange was sealed with a copper gasket. The flange had a two hole Conax- 
Buffalo gland for the leads of a 0.25 mm diameter by 10, 20, or 30 cm 
length Pt (Aldrich 99.99%) filament wound in a coil that radiatively 
heated a 0.7 ml volume, cylindrical flat base Alumina crucible (Alfa 15 
mm high X10 mm OD X 8 mm ID) which contained 250 mg of KNO^ 
(Aldrich 99.999% pure). The filament served to dissociate hydrogen and 
to slowly vaporize the KNO^ by heating. The filament also served as a 
precision resistor to calibrate the cell. The filament was powered by a 
constant power supply (Pennsylvania State University 0-20 W ± 1%), and 
the power dissipated in the filament was recorded with a watt meter 
(Clarke-Hess Model 259 V-A-W Meter ± 0.03 W). 

The flange also had a 6.4 mm vacuum port through which a 1.6 mm 
OD inlet for hydrogen passed. The hydrogen gas was ultrahigh pure 
grade or higher (Praxair). The 1.6 mm OD inlet was connected to a 6.4 
mm OD stainless steel tube which connected to a Tee, a needle valve, a 
pressure gauge, and then the gas supply. The elbow port of the Tee was 
attached to a vacuum gauge, a needle valve, a meter valve, and then a 
vacuum pump. The gas pressure was controlled manually by adjusting 
the supply through the inlet versus the amount pumped away at the 
outlet where the pressure was monitored in the outlet tube by the 
vacuum gauge. The hydrogen pressure and flow rate were adjusted to 
maximize the output power. The optimal pressure was about 0.2 torr 
maintained by an estimated flow rate of about 0.1 seem. The data was 
recorded with a data acquisition system. 
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The cell was calibrated by measuring the steady state Calvet 
response to constant power into the filament over the power range 1-16 
W with hydrogen at 0.2 Torr pressure without KNO y At a constant oven 

temperature of 250 °C, the experiment was repeated by allowing the 
Calvet voltage to reach steady state with KNO^ alone present and constant 

power applied to the filament. Hydrogen was then maintained at 0.2 
Torr with flow. The experiment was performed for a filament length of 
10, 20, or 30 cm at a constant filament input power of 7.02, 9.82, and 
15.01 W, respectively. 

D. Calvet power balance measurements 

Since the ambient temperature was held constant, the general form 
of the power balance equation for the Calvet cell in steady state is: 

0 = /*, + ^-/^ O) 
where P in is the input power to the filament, P es is the excess power 
generated from the hydrogen catalysis reaction, and P hss is the thermal 
power loss from the cell. The Calvet voltage response to input power for 
hydrogen without KNO^ was determined over the constant input power 
range of 1 W to 16 W. The data was recorded after the cell had reached a 
thermal steady state with each increase in the input power to the 
filament which typically occurred in about 6 hours. At this point, the 
power lost from the cell P ioss was equal to the total power P T supplied to 
the cell P in plus any excess power P„. 

Since the heat transfer was dominated by conduction, the output voltage 
of the cell V was modeled by a linear curve 

V = aP r + C (3) 
where a and C are constants for the least square curve fit of the Calvet 
voltage response to power input for the control experiments (P„=0). V 
was recorded as a function of input power P^ for hydrogen without KNO^ 
catalyst as the input power was varied. The higher voltage produced 
with hydrogen and catalyst compared with hydrogen and no catalyst was 
representative of the excess power. In the case of the catalysis run, the 
total output power P T was determined by solving Eq. (3) using the 
measured V. The excess power P„ was determined from Eq. (2). The 
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integral of the excess power P n over time gave the excess energy E fX . 

E. Filament cell apparatus and procedure for power balance 
measurement of an Ar f rt-plasma 

The power balance of a rt-plasma of strontium with argon- 
hydrogen mixture (95/5%) was measured with the experimental setup 
shown in Figure 4. The power balances of argon-hydrogen-strontium rt- 
plasmas maintained in a one-liter cylindrical stainless steel cell fitted 
with a heated tungsten filament shown in Figure 5 were measured by 
heat loss calorimetry (determining the power balance from the 
temperature at steady state relative to that of a control power source) as 
the input power to the filament was varied. The relationship between 
the rate of heat loss from the cell and the cell temperature was 
determined from a control experiment in which both strontium catalyst 
and plasma were absent. 

The 304-stainless steel cylindrical cell was 9.21 cm in diameter and 
14.5 cm in height. The base of the cell contained a welded-in stainless 
steel thermocouple well (1 cm OD) which housed a thermocouple in the 
cell interior approximately 3 cm from the cell axis. The upper end of the 
cell was welded to a high vacuum 15 cm diameter conflat flange. A 
silver-plated copper gasket was used to seal the cell flange to a mating 
flange. The two flanges were clamped together with 10 circumferential 
bolts. The mating flange contained two penetrations comprising a 
stainless steel thermocouple well (1 cm OD), which also housed a 
thermocouple in the cell interior approximately 3.5 cm from the cell axis, 
and a centered high voltage feedthrough. The body of the cell included 
two radial penetrations. One was a 9.5 mm OD tube for gas fill and 
evacuation, the other was a tube which housed a 1.5 cm diameter UV- 
grade sapphire viewport. The cell interior was fitted with a 27 mm OD 
grooved Alumina tube which was 60 mm in length. The tube was tightly 
wrapped with approximately 330 cm of 0.25 mm tungsten wire. The 
tube was suspended on the cell axis by connecting the ends of the 
tungsten filament to the central electrode and the cell body (ground) as 
shown in Figure 5. AC power at 60 Hz was supplied to the filament 
through a variac. True rms voltage and current, and also power 
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dissipation in the filament were monitored by a digital volt-amp-watt 
meter (Clarke-Hess Model 259 V-A-W Meter) shown in Figure 4. Gas 
pressure in the cell was monitored with a 0-10 Torr MKS Baratron 
absolute pressure gauge. 

Approximately 1.2 g of strontium metal (Alfa Aesar 99.95%) was 
placed on the base of the cell under one atmosphere of dry argon in a 
glovebox. After sealing the cell it was heated in a temperature-controlled 
kiln to 465°C while evacuating the system. At this condition the 
strontium vapor pressure was approximately 1 mTorr. After reaching 
thermal equilibrium, the cell was pressurized with 190 mTorr of argon 
and then an additional 10 mTorr of hydrogen to yield a argon-hydrogen 
mixture (95/5%) at 200 mTorr. Hydrogen was periodically added during 
the course of the experiment in order to maintain 200 mTorr pressure. It 
was observed that a substantial amount of hydrogen was absorbed 
during addition which was attributed to formation of strontium hydride. 
Ultrahigh purity grade argon and hydrogen were used. Approximately 
50 V was applied to the filament corresponding to about 100 W. Plasma 
formation resulted after several minutes of heating the cell with the 
filament. Strong strontium and argon plasma line emission were 
observed in the visible and near-infrared with a visible spectrometer 
(Ocean Optics S2000). Electric power input to the cell was varied in the 
range 110-245 W. At each power setting, 2.5-3 hours was allowed for 
the cell to reach thermal equilibrium. The cell temperature was then 
computed by averaging the temperatures of the two thermocouples. In 
the control experiment, this procedure was repeated with the same cell 
except that both strontium and the resulting rt-plasma were absent. 

G. Filament cell power balance measurements 

Heat loss from the cell was primarily by radiation. Because the 
temperature of the kiln was fixed, the rate of heat loss from the cell, 
P T = P l0SS , was a function of the cell temperature: 



This relationship was determined from the argon-hydrogen control 
experiments in which P=^ was the electric power input. In the argon- 
hydrogen-strontium rt-plasma experiments, the rate of heat loss from 
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the cell exceeded the electric power input by the excess power P ri 
The excess power was then 

Using the measured cell temperature and the input power, the excess 
power of each argon-hydrogen-strontium rt-plasma was computed from 
Eq. (6). 



III. RESULTS 



A. Balmer line broadening and high resolution visible 
spectroscopy recorded on rt-plasmas 

The results of the 656.2 nm Balmer a line width measured with a 
high resolution (±0.006 nm) visible spectrometer on light emitted from rt- 
plasmas of hydrogen with K 2 CO„ RbNO if Cs 2 CO it and SrC0 3 , and SrCO, with 

an argon-hydrogen mixture (97/3%) are shown in Figures 6-10, 
respectively. The spectrum of the KNO y cell was the same as that of the 
K 2 COj cell except that the intensity was higher. To illustrate the method 
of displaying each line broadening result as an unsmoothed curve, the 
corresponding raw data points are also shown in Figures 9 and 10 that 
further show the scatter in the data. The Balmer a line width and 
energetic hydrogen atom densities and energies given in Table 1 were 
calculated using the method of Videnocic et al. [8]. Significant line 
broadening of 17,9, 1 1, 14, and 24 eV and an atom density of 
4X10", 6X10", 4X10", 8 X 10", and 4X10" atoms/ cm* were observed from a 
rt-plasma of hydrogen formed with K*fK\ Rb*, cesium, strontium, and 
strontium with Ar* catalysts, respectively. A glow discharge of hydrogen 
maintained at the same total pressure showed no excessive broadening 
corresponding to an average hydrogen atom temperature of = 3eV. The 
superposition of the 656 nm Balmer a line width recorded with a high 
resolution (±0.006 nm) visible spectrometer on a hydrogen-strontium rt- 
plasma and a hydrogen-strontium rt-plasma intensified by argon ion 
catalyst is shown in Figure 11. By comparison to the strontium rt- 
plasma, significant broadening attributable to argon ion was observed 
corresponding to an average hydrogen atom temperature of 24 eV versus 



1 3 



14 eV. The atom density was also very high in the argon rt-plasma given 
that the hydrogen concentration was 30 times less than that of the 
strontium-pure-hydrogen rt-plasma. 

The high resolution visible spectra in the region of 407 nm from the 
hydrogen rt-plasma formed using K 2 CO yt RbNO^ O 2 C0 3 , and strontium 

metal with argon are shown in Figures 12-15, respectively. In each case, 
a peak was observed at 407 nm which could not be assigned to hydrogen, 
alkali or alkaline earth atom or ion. The know peaks of these atoms and 
ions in the region of 407 nm were separated as indicated in the figures. 
The spectrum of the KNO z cell was the same as that of the K 2 CO y cell. 

The 407.0 nm peak was not observed in an intense hydrogen 
microwave discharge plasma as shown in Figure 16. OH lines at 
406.9623, 406.9881, and 407.1238 nm were eliminated due to the 
absence of OI lines at 394.729, 394.748, 394.758, 395.460, and 405.477 
nm. CIII lines at 407.026 and 406.8916 nm were eliminated due to the 
absence of CI lines which were outside of the region of 407 nm or CII 
lines at 391.896 and 392.068 nm. The observation of the 407.0 peak 
with KNO^ RbNO), and with strontium metal and argon also eliminated 
carbon as the source of the novel peak. Furthermore, the presence of the 
Oil or CIII lines would be extraordinary since the ionization energy 
required for Oil is above the first ionization energy of 13.62 eV, and the 
energies required for CIII are above the sum of the first and second 
ionization energies of 11.26 6V and 24.38 eV 9 respectively [48]. 

The emission intensity and the Balmer a line broadening of the 
hydrogen rt-plasma formed using strontium metal or SrCO^ increased 
significantly with the introduction of argon gas only when Ar+ emission 
was observed as shown in Figure 11. In both cases, the 407 nm peak of 
the argon-hydrogen-strontium rt-plasma was not observed with 
hydrogen alone — the presence of Ar+ was required. The 407 nm peak 
shown in Figure 15 was formed using argon with strontium metal with no 
oxygen or carbon present which further eliminated oxygen and carbon 
lines as possible sources. 

B. Power balance of a K7K + rt-plasma 
The Calvet voltage as a function of the power applied to the 
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filament heater at 0.2 Torr hydrogen pressure was plotted for the input 
power range of 0.5 W to 16 W as shown in Figure 17. The least squares 
fit of the V response to unit input power calculated from the control (Eq. 
(3)) was determined to be 

V = -0.061 + 0.233 x/> (7) 
A constant filament input power of 7.02, 9.82, and 15.01 W was 
maintained for a filament length of 10, 20, or 30 cm, respectively. The 
Calvet voltage was allowed to reach steady state with KNO z alone. The 

Calvet voltage significantly increased upon the addition of hydrogen, and 
the output signal was permitted to reach a second steady state as shown 
in Figure 18 for the case of 9.82 W input to a 20 cm long filament with a 
typical voltage and current of 4.16 V and 2.36 A, respectively. The 
excess power in each case was determined from Eq. (7) and Eq. (2). The 
results are shown in Table 2. 

The sources of error were the error in the calibration curve ( ± 0.05 
W) and the power measurement of the watt meter (± 0.03 W) in the 
power range of 0-16 W which was independent of the errors of the 
voltage (±0.025 V) and current (±lmA) measurements due to any power 
factor. The propagated error of the calibration and power measurements 
was ± 0.06 W. 

C. Power balance of an Ar + rt-plasma 

Power input to the cell is plotted versus the cell temperature for 
the argon-hydrogen-strontium rt-plasma and also for the argon- 
hydrogen control in Figure 19. The relation between cell temperature 
and the rate of heat loss from the cell, found from the argon-hydrogen 
control data, is of the form 

P r = /(r) = A(r 4 -£) (8) 
where A = 2.74X 10" 9 W/K 4 and T 0 = 465°C = 738.2 K is the kiln 
temperature. Deviations of the control data from this expression are less 
than 2 W. Using Eq. (8) in Eq. (6) yields the excess power generated in 
the argon-hydrogen-strontium rt-plasma for each power input condition. 
Power input and excess power are tabulated in Table 3. The excess 
power ranged from 13.3 W at 110 W input to 26.0 W at 245 W input. 
The average excess power over the range was about 20 W. This 
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corresponded to an excess power density of approximately 20 mW/cc in 
the one-liter cell. 

The error in the temperature measurement over the range of 70 °C 
was ±0.5 °C for the type K thermocouples. However, the excess power 
was measured as the difference in filament power to the control to 
achieve the same temperature as the argon-hydrogen-strontium rt- 
plasma. Thus, the sources of error were the error in the calibration curve 
±2 W and the power measurement of the watt meter (il W) in the power 
range of 100-300 W which was independent of the errors of the voltage 
(±0.25 V) and current (±10 mA) measurements due to any power factor. 
The propagated error of the calibration and power measurements was 
±2.2 W. 

IV. DISCUSSION 

Line broadening of the hydrogen Balmer lines provides a sensitive 
measure of the number and energy of excited hydrogen atoms in a 
plasma. To further characterize the plasma parameters of rt-plasmas, the 
width of the 656.2 nm Balmer a line was recorded on light emitted from 
rt-plasmas formed from hydrogen with a gaseous atom or ion which 
ionizes at integer multiples of the potential energy of atomic hydrogen. 
The energetic hydrogen atom density and energies were determined 
from the broadening, and it was found that significant line broadening of 
17, 9, 11, 14, and 24 eV and an atom density of 

4X10", 6X10", 4X10", 8X10", and 4X10" atoms/ cm 1 were observed from a 
rt-plasma of hydrogen formed with K*/K\ Rb\ cesium, strontium, and 
strontium with Ar* catalysts, respectively. Whereas, a glow discharge of 
hydrogen maintained at the same total pressure with an electric field 
strength that was at least two order of magnitude greater than the 1 
V/cm field of the filament cell showed no excessive broadening 
corresponding to an average hydrogen atom temperature of = 3«V. 

In the characterization of the plasmas of Grimm-type discharges 
with a hollow anode, M. Kuraica and N. Konjevic [7] and Videnocic et al. 
[8] analyzed the broadening data in terms of Stark and Doppler effects 
wherein acceleration of charges such as H\ h;, and h; in the high fields 
(e. g. over XOkVlcm) which were present in the cathode fall region was 

1 6 



used to explain the Doppler component. In our experiments, the results 
could not be explained by Stark or thermal broadening or electric field 
acceleration of charged species since the measured field of the 
incandescent heater was extremely weak, 1 V/cm, corresponding to a 
broadening much less than 1 eV. Rather the source of the excessive line 
broadening is consistent with that of EUV emission, an energetic reaction 
caused by a resonance energy transfer between hydrogen atoms and 
K*/K\ Rb\ cesium, strontium, or Ar* catalysts. 

Rt-plasmas formed with hydrogen-potassium mixtures have been 
reported previously [34-35] wherein the plasma decayed with a two 
second half-life when the electric field was set to zero. This was the 
thermal decay time of the filament which dissociated molecular hydrogen 
to atomic hydrogen. This experiment showed that hydrogen line 
emission was occurring even though the voltage between the heater 
wires was set to and measured to be zero and indicated that the emission 
was due to a reaction of potassium atoms with atomic hydrogen. 
Potassium atoms ionize at an integer multiple of the potential energy of 
atomic hydrogen, m 272eV. The enthalpy of ionization of K to K l * has a 
net enthalpy of reaction of 81.7426 eV, which is equivalent to m = 3. 

A rt-plasma of hydrogen and certain alkali ions formed at low 
temperatures (e.g. = 10 3 K) as recorded via EUV spectroscopy and the 
hydrogen Balmer and alkali line emissions in the visible range [35]. The 
observed plasma formed at low temperatures (e.g. ^lO 3 *) from atomic 
hydrogen generated at a tungsten filament that heated a titanium 
dissociator and one of potassium, rubidium, cesium, and their carbonates 
and nitrates. These atoms and ions ionize to provide a net enthalpy of 
reaction of an integer multiple of the potential energy of atomic hydrogen 
(m-27.2eV, m = integer) to within 0.17 eV and comprise only a single 
ionization in the case of a potassium or rubidium ion. Whereas, the 
chemically similar atoms of sodium and sodium and lithium carbonates 
and nitrates which do not ionize with these constraints caused no 
emission. To test the electric dependence of the emission, the weak 
electric field of about 1 V/cm was set and measured to be zero in 
<0.SX\V* sec. An afterglow duration of about one to two seconds was 
recorded in the case of potassium, rubidium, cesium, K t CO^ RbNO^ and 
CsNO,. Hydrogen line or alkali line emission was occurring even though 
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the voltage between the heater wires was set to and measured to be zero. 
These atoms and ions ionize to provide a net enthalpy of reaction of an 
integer multiple of the potential energy of atomic hydrogen to within less 
than the thermal energies at = 10 3 /C and comprise only a single ionization 
in the case of a potassium or rubidium ion. Since the thermal decay time 
of the filament for dissociation of molecular hydrogen to atomic hydrogen 
was similar to the rt-plasma afterglow duration, the emission was 
determined to be due to a reaction of atomic hydrogen with each of the 
atoms or ions that did not require the presence of an electric field to be 
functional. 

Each of K* IK*, Rb*, Cs, and Ar* as the catalyst are predicted to 



H'{l/2). The predicted H"(l/2) hydride ion of hydrogen catalysis by these 
catalysts was observed spectroscopically at 407 nm corresponding to its 
predicted binding energy of 3.05 eV. The hydride reaction product formed 
over time. 

The release of energy from hydrogen as evidenced by the EUV 
emission must result in a lower-energy state of hydrogen. The present 
study identified the formation of a novel hydride ion, /T(l/2). The 
formation of novel compounds based on novel hydride ions would be 
substantial evidence supporting catalysis of hydrogen as the mechanism 
of the observed EUV emission and further support the present 
spectroscopic identification of H~(l/2). Compounds containing novel 
hydride ions have been isolated as products of the reaction of atomic 
hydrogen with atoms and ions identified as catalysts in the present study 
and previously reported EUV studies [18-25, 31-42]. The novel hydride 
compounds were identified analytically by techniques such as time of 
flight secondary ion mass spectroscopy, X-ray photoelectron 
spectroscopy, and 'H nuclear magnetic resonance spectroscopy. For 
example, the time of flight secondary ion mass spectroscopy showed a 
large hydride peak in the negative spectrum. The X-ray photoelectron 
spectrum showed large metal core level shifts due to binding with the 
hydride as well as novel hydride peaks. The X H nuclear magnetic 
resonance spectrum showed significantly upfield shifted peaks which 
corresponded to and identified novel hydride ions. 



catalyze hydrogen 




which reacts with an electron to form 



Balmer a line broadening and the predicted 407 nm peak 
corresponding to the hydride ion product H'(l/2) was observed in the 

case of potassium ions as the catalyst. Thus, the power balance of a rt- 
plasma formed with KNO^ which is volatile under the measurement 

conditions of 250 °C was determined using Calvet calorimetry. The steady 
state Calvet voltage significantly increased upon the addition of atomic 
hydrogen to vaporized KNO y With constant power per unit length to the 

filament to maintain a constant filament temperature, the power was 
observed to be linear in filament length, and therefore filament area. 
This result is consistent with the dissociation of hydrogen as a rate 
limiting mechanism. Given a flow rate of 0.1 seem and an excess power 
of 2.07 W, energy balances of over -28,000 kJfmoleH 2 (145 eV/ H atom) were 
measured. The reduction of KNO^ to water, potassium metal, and NH^ 
calculated from the heats of formation only releases -14.2 kcall mole H 2 

(0.3 eVI H atom) which can not account for the observed heat. 

91 2H 2 + KNO, -> K + 3H 2 0 + AW 3 A// = -14.2 kcall mole H 2 ( 9 ) 

The most energetic reaction possible was the reaction of hydrogen to 
form water which releases -241.8 kJI mole H 2 (1.48eV I H atom) which is about 
100 times less than that observed. The results indicate that once a 
hydrino atom is formed by a catalyst, further catalytic transitions: 

n = , and so on occur to a substantial extent. This is 

2 3 3 4 4 5 

consistent with the previously given theory [12, 18, 20, 27], the reported 
series of lower-energy hydrogen lines with energies of ^13.6eV where 
? = 1,2,3,4,6,7,8,9, or 11 [18-19, 27], and previous studies which show very 
large energy balances [26-27, 29-30]. 

Similarly, the emission intensity of the plasma generated by atomic 
strontium increased significantly with the introduction of argon gas only 
when Ar + emission was observed. And, an increase in the Balmer a line 
broadening and the predicted 407 nm peak corresponding to the hydride 
ion product H'(l/2) was observed with Ar* present as the catalyst. Thus, 
the power balance of a rt-plasma formed with Ar* as the catalyst was 
measured by heat loss calorimetry. The steady state temperature of a rt- 
plasma formed with strontium and increased by Ar+ was significantly 
higher than heated argon which did not form a rt-plasma. A maximum 
excess power of 26 W was observed. The enthalpy of formation &H p of 
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strontium hydride is -47.59 kcall mole ( 1.0 eV I H atom) [49]. Thus, the energy 
for hydriding all of the 1.2 g (13 mmoles) of strontium would be 0.65 
kcal compared to the energy released over the minimum three hours to 
steady state of 280 kcal. 

IV. CONCLUSION 

Each of the ionization of Rb* y cesium, strontium and Ar\ and an 
electron transfer between two K* ions provide a reaction with a net 
enthalpy of an integer multiple of the potential energy of atomic 
hydrogen. The presence of each of the corresponding reactants formed 
the low applied temperature, extremely low voltage plasma called a 
resonance transfer or rt-plasma. For further characterization, the width 
of the 656.2 nm Balmer a line was recorded on light emitted from rt- 
plasmas. Significant line broadening of 17, 9, 1 1, 14, and 24 eV was observed 
from a rt-plasma of hydrogen formed with K*/K*, Rb\ Cs r and Ar* 
catalysts, respectively. These results could not be explained by Stark or 
thermal broadening or electric field acceleration of charged species since 
the measured field of the incandescent heater was extremely weak, 1 
V/cm, corresponding to a broadening much less than 1 eV. Rather, the 
source of the excessive line broadening is consistent with that of EUV 
emission, an energetic reaction caused by a resonance energy transfer 
between hydrogen atoms and the catalyst. Since line broadening is a 
measure of temperature, the excess power of about 20 mW/cc was 
measured calorimetrically on K+IK* and Ar* catalyzed rt-plasmas 
corresponding to an energy balance of about 100 times that of the 
combustion of the hydrogen. The product hydride ion with each of 
K+/K\ Cs, and Ar* as the catalyst was predicted to have a binding 
energy of 3.05 eV and was observed by high resolution visible 
spectroscopy at the corresponding 407 nm. 

Since the net enthalpy released may be at least one hundred times 
that of combustion, the catalysis of atomic hydrogen represents a new 
source of energy with H 2 0 as the source of hydrogen fuel. Moreover, 
rather than air pollutants or radioactive waste, novel hydride compounds 
with potential commercial applications are the products [36-42]. Since 
the power is in the form of a plasma, direct high-efficiency, low cost 
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energy conversion may be possible, thus, avoiding a heat engine such as a 
turbine [43-45] or a reformer-fuel cell system. Significantly lower capital 
costs and lower commercial operating costs than that of any known 
competing energy source are anticipated. 
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Table 1. Energet 


ic hydrogen atom densities 
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a line width. 
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Hydrogen Atom 
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(10 atoms/ cm') 
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K/Hj 


4 


15-18 
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Cs/H 2 
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10-12 


Sr/H 2 
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13-15 


Sr/Ar*/H 2 
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22-26 



a Approximate Calculated [8]. 
b Calculated [8). 

0 Measured on glow discharge according to method ref. 29. 




Table 2. Input and excess power for a rt-plasma formed with K* I K* 
catalyst. 



Filamnet 


Input 


Total 


Excess 


Length 


Power 


Power 


Power 


(cm) 


(W) 


(W)» 


(±0.06 W)b 


1 0 


7.02 


7.64 


0.62 


20 


9.82 


10.63 


0.81 


30 


15.01 


17.08 


2.07 



a Eq. (7) 
b Eq. (2) 



Table 3. Input and excess power for argon-hydrogen-strontium rt- 
plasma. 

Voltage Current Input Cell Total Excess 

( y ) (A) Power Temp. Power Power 

W (K) (W)a (±2 .2 W)b 

404 2.73 1 10 7641 123 3 HI 

417 3.04 125 768.2 140.6 15.6 

43 0 3.46 140 772.1 160.1 20 1 

434 3.57 155 775.3 176.3 21 3 

444 3.85 1 70 778.6 193.3 23 3 

4 5 7 4.27 185 780.7 204.2 19 2 

4 6.2 4.48 200 783.7 219 9 19 9 

4 6- 8 4.70 215 786.5 234.8 19 8 

47 - 7 4 -83 230 789.3 249.8 19 8 

4 8- 4 5.17 245 793.2 271.0 26 0 

a Eq. (8) " " " 

b Eq. (6) 



Figure Captions 

Figure 1. The experimental set up comprising a filament gas cell 
light source and an EUV spectrometer which was differentially pumped. 

Figure 2. The Calvet instrument for power balance studies with 
hydrogen and gaseous KNO^ compared hydrogen alone. 

Figure 3. Schematic of the gas cell and the cross sectional view of 
the Calvet calorimeter used to measure the power balance of a rt-plasma 
formed with K* I K* catalyst. 1—1.6 mm OD stainless steel tube (to 
hydrogen supply), 2 — stainless steel tee union, 3 — 6.4 mm OD stainless 
steel tube (to vacuum manifold), 4 — cell lid, 5 — filament leads, 6 — Conax- 
Buffalo gland, 7—0.1 mm OD Pt filament, 8— copper ring gasket, 9— cell 
body, 10— Calvet calorimeter, 1 1— thermopile signal output, 12— thermal 
shunt, 13 — thermopile, 14 — insulated calorimeter base, 15 — Alumina 
crucible KNO^ reservoir. 

Figure 4. The experimental setup for generating a argon-hydrogen- 
strontium rt-plasma and for measuring the power balance. 

Figure 5. The one-liter cylindrical stainless steel cell fitted with a 
heated tungsten filament used to measure the power balances of argon- 
hydrogen-strontium rt-plasmas as a function of input power to the 
filament. 

Figure 6. The 656 nm Balmer a line width recorded with a high 
resolution ( ±0.006 nm) visible spectrometer on a rt-plasma formed with 
K*/K* catalyst. Significant broadening was observed corresponding to an 
average hydrogen atom temperature of 17 eV. 

Figure 7. The 656 nm Balmer a line width recorded with a high 
resolution (±0.006 nm) visible spectrometer on a rt-plasma formed with 
Rb* catalyst. Significant broadening was observed corresponding to an 
average hydrogen atom temperature of 9eV. 

Figure 8. The 656 nm Balmer a line width recorded with a high 
resolution (±0.006 nm) visible spectrometer on a cesium-hydrogen rt- 
plasma. Significant broadening was observed corresponding to an 
average hydrogen atom temperature of 11 eV. 

Figure 9. The 656 nm Balmer a line width recorded with a high 
resolution (±0.006 nm) visible spectrometer on a hydrogen-strontium rt- 
plasma. Significant broadening was observed corresponding to an 
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average hydrogen atom temperature of 14 eV. 

Figure 10. The 656 nm Balmer a line width recorded with a high 
resolution (±0.006 nm) visible spectrometer on a hydrogen-strontium rt- 
plasma intensified by argon ion catalyst. Significant broadening was 
observed corresponding to an average hydrogen atom temperature of 
24 eV. 

Figure 11. The superposition of the 656 nm Balmer a line width 
recorded with a high resolution (±0.006 nm) visible spectrometer on a 
hydrogen-strontium rt-plasma and a hydrogen-strontium rt-plasma 
intensified by argon ion catalyst. By comparison to the strontium rt- 
plasma, significant broadening attributable to argon ion was observed 
corresponding to an average hydrogen atom temperature of 24 eV versus 
14 eV. 

Figure 12. The high resolution visible spectrum in the region of 
407 nm recorded on the emission of a rt-plasma formed with K* I K* 
catalyst. The novel 407 nm peak which could not be assigned to a known 
peak was assigned to H'{l/2). 

Figure 13. The high resolution visible spectrum in the region of 
407 nm recorded on the emission of a rt-plasma formed with Rb* catalyst. 
The novel 407 nm peak which could not be assigned to a known peak was 
assigned to /T(l/2). 

Figure 14. The high resolution visible spectrum in the region of 
407 nm recorded on the emission of a cesium-hydrogen rt-plasma. The 
novel 407 nm peak which could not be assigned to a known peak was 
assigned to fT(l/2). 

Figure 15. The high resolution visible spectrum in the region of 
407 nm recorded on the emission of a argon-hydrogen-strontium rt- 
plasma. The novel 407 nm peak which could not be assigned to a known 
peak was assigned to H'(\l 2). 

Figure 16. The high resolution visible spectrum in the region of 
407 nm recorded on the emission of a hydrogen microwave discharge 
plasma. The 407.0 nm peak was not observed. 

Figure 17. The Calvet voltage as a function of the power applied to 
the 20 cm long filament with hydrogen alone at 0.2 Torr total pressure 
plotted for the input power range of 1 W to 16 W. 

Figure 18. With 9.82 W input to the 20 cm filament, the Calvet cell 
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was allowed to reach a steady Calvet voltage with KNO^ alone. The Calvet 
voltage significantly increased upon the addition of hydrogen, and the 
output signal showed 0.81 W of excess power at the second steady state. 

Figure 19. Plot of power input to the cell versus the cell 
temperature for the argon-hydrogen-strontium plasma and also for the 
argon-hydrogen control. 
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